Sand bubbler crabs Scopimera inflata are central place foragers that spend long periods feeding on nutritionally poor surface sediment adjacent to their burrows. Individuals make series of excursions from their burrows usually moving progressively in clockwise or anticlockwise directions so that they feed on areas of ''virgin'' sediment on successive forages. However, they foraged further from the burrow than was predicted by a model of central place foraging. Foraging crabs were under intense predation pressure from the redcapped plovers Charadrius ruficapillus in the study area. Success rates of plovers in capturing crabs were high. Crabs can escape attacks by retreating back into their burrows but normally waited for less than a minute before recommencing to forage. This may be sufficient to escape a second plover attack because plover waiting times at burrows were only about 10 s in duration.
INTRODUCTION
The sand bubbler crab Scopimera inflata H. Milne Edwards, 1837 (Decapoda: Ocypodidae) is abundant on tropical and subtropical sandy beaches of Australia (Fielder, 1970) . It is a central-place forager, emerging from its burrows and then foraging in a characteristic, stereotyped fashion along a series of unidirectional paths, radiating from the burrow entrance. It employs a flotation feeding mechanism, scooping up surface sediment and then using water originally stored in the gill chambers to suspend organic matter from the sand. Micro-organisms and detritus are then separated from heavier inorganic particles in the buccal region and ingested. Discarded food balls are deposited along one side of the foraging track (Fielder, 1970; Zimmer-Faust, 1987) . Sand-bubblers, Scopimera spp., forage only during periods of low water but a diurnal pattern of activity is superimposed on the tidal pattern. The species is active only during daylight (Zimmer-Faust, 1987) . Surface sediments on which S. inflata feeds are nutritionally poor and crabs forage for periods of up to 5 h (Zimmer-Faust, 1987 ). An alternative foraging strategy, known as droving or wandering, whereby large numbers of individuals leave their burrows to forage ''en masse'' at the lowtide levels, has been described in several members of Ocypodidae (Crane, 1975) . They are able to benefit by foraging on sediments of higher nutrient quality, although they may place themselves at higher risks of being preyed upon by doing so (Gherardi et al., 2002) .
Scopimera inflata is vulnerable to predation while foraging and Piersma (1986) reported that the related crab, Scopimera globosa De Haan 1835 made up more than half of the prey items and over 80% of the average energetic intake of Terek sandpipers Xenus cinereus (Güldenstädt, 1775) foraging on shores in Korea. S. inflata is subject to predation by the Red-capped plover Charadrius ruficapillus Temminck, 1822 on northern Australian shores, including the study site on Cable Beach.
The objective of the present study was to investigate the ways in which crabs resolve the conflict between the need to leave the burrow and forage on surface sediment but to avoid predation by plovers. It considers the foraging strategy of S. inflata and, in particular, the extent to which these crabs can be regarded as optimal central-place foragers. Covich (1976) suggested that circular foraging paths radiating out from the central place (burrow) will maximize net resource yield when food resources are distributed homogenously. According to him, the optimal forager would be expected to travel just far enough from its burrow to harvest a circular area, through 360u, in the time available for it to forage. This circle has been referred to as the ''optimal foraging circle'' in the present paper. In addition, measures were made of the success of plovers C. ruficapillus in capturing crabs and the use that crabs' made of the burrow as a refuge against attack by plovers.
MATERIALS AND METHODS
The Study Site Studies took place on Cable Beach (17u579S, 122u129E) adjacent to the town of Broome in north Western Australia (Fig. 1) . The Beach faces westerly and extends approximately 22 km along the coast. It consists predominantly of fine sand (particle size 125-250 mm) (Foster-Smith et al., 2007) , and is bounded at the southern end by a rocky outcrop of Broome sandstone at Red Point Rocks, and at the north by an estuary at Willie Creek. The Beach is backed by a broad dune system, and together they form part of Minyirr Coastal Park. The shore experiences some of the greatest tidal ranges globally, reaching more than 10 m at the highest spring tides. This large tidal range, combined with the relatively low JOURNAL OF CRUSTACEAN BIOLOGY, 30(2): 194-199, 2010 incline of the shore, results in an extensive inter-tidal distance of over 400 m at low water of spring tides.
Studies were carried out in July and August 2004 and 2005.
Foraging Strategies of Crabs
In order to provide a description of the foraging sequence, series of photographs were taken of 13 crabs foraging on the shore during an afternoon period of low tide. High water was at 09:45. Crabs occupy a zone from approximately high water spring tides to low water neap tides (Foster-Smith et al., 2007) . The selected crabs were in the middle part of this zone, where the adjacent shore was exposed for approximately 7 h in daylight. Three Olympus Camedia Digital C-3020 cameras were positioned on tripods approximately 1.5 m above each crab's burrow when it first ''appeared'' after exposure by the receding tide. These burrows were ones that were spaced at least 40-50 cm from other burrows so that interactions with neighbouring crabs did not occur. Photographs of each area were taken as soon as the cameras had been set-up (approximately 14:00) and then subsequently at 15 min intervals for 3 h. A 15 cm ruler for future scaling and a small card with the identification number of each crab were placed on the surface sediment and included in the edge of each photograph. The occurrence of different acts (excavating the burrow, foraging and burrow closure), as evidenced by the food and excavation pellets deposited in the foraging area (see Results below), were recorded from each in the sequence of photographs. The time available to forage was limited by the onset of dusk when these recordings were made. Optimal central-place foraging, and therefore the extent to which patterns of foraging conformed with Covich's (1970) model of central-place foraging, was investigated by measuring the areas that had been foraged by crabs at the end of a foraging session. Transparent acetate sheets were placed over the areas foraged by 27 crabs from the upper part of the crab zone at dusk when foraging activity had ceased. This was on a day on which high water had been at 10:36 and the crabs had been foraging for approximately 3-4 h. The boundaries of each foraging area, marked by food balls, were then traced. Subsequently areas were measured by placing the acetate sheets over centimeter graph paper. The radius of this optimal foraging circle was the minimum distance that the crab needed to travel from its burrow in order to fulfill its foraging needs, i.e., complete the circle. This was determined by calculating the radius of a circle with the same area as each of the foraging areas. Optimal distances were then compared with actual distances travelled, i.e., the mean distance of forages from the burrow by each crab, using the Wilcoxon Matched-Pairs Signed-Ranks Test.
However, the spacing of crabs on the shore, especially where there are dense patches of them, is likely to affect optimal foraging behaviour because of interactions between foraging individuals. It was hypothesized that crab's burrows might be evenly spaced on the shore minimising interference between neighbours while they were foraging. Nearest neighbour distances between burrows were measured in 10 areas, each measuring 2 3 2 m, in areas of high crab density. Spacing of burrows within these areas was then investigated by nearest neighbour analysis, which gives a measure of the extent to which burrows are evenly spaced (R . 1), aggregated (R , 1) or at random in relation to one another (Clark and Evans 1954) . The location of each area was determined by tossing a pebble over the shoulder. The position of the pebble was used to mark one corner of the area, whose boundaries were then marked out in the sand.
Another factor that may affect both foraging behaviour and anti-predator considerations is that S. inflata occupies a wide vertical zone on the shore extending from about mean high water to mean low water (neap tides) (Foster-Smith et al., 2007) . Crabs higher up the shore have longer times available to them to forage than those lower down on the receding tide because they are exposed to the air sooner than those at lower tidal levels. However, early emergence of crabs high up the shore will mean that they are present on the surface in relatively small numbers, and these individuals may then be highly vulnerable to predator attack. It was hypothesized that crabs inhabiting the higher levels of the shore might tend to delay their emergence until crabs lower down it were emerging to forage, gaining the anti-predator advantage of safety in numbers (Ens et al., 1993) . The times of emergence of crabs after exposure by the receding tided were therefore compared in individuals inhabiting different tidal levels. Four vertical transects were made down the shore on an afternoon receding tide when high water was at 10:03 so that different parts of the crab zone were exposed to air for between approximately 3 and 7 h of daylight. Stations, 1 3 10 m, at 20 m intervals were marked out as parts of the crab zone were progressively uncovered by the tide. Records were kept of the numbers of burrows ''appearing'' for the first time within each station at 30 min intervals for 6.5 h after the first station had been uncovered by the tide. Data were analysed by calculating the Spearman Rank Coefficient of Correlation between means times of emergence and the relative vertical position on the shore of each sampling station. These data were then used to investigate the extent to which the emergence of crabs at different levels tended to be synchronized, i.e., they tended to emerge on the surface at more-or-less the same time. This was done by comparing the total numbers of crabs that had actually emerged at 30 min intervals emerging after the exposure of the first station with the expected numbers that would have emerged if all crabs on the shore emerged independently of one another. The expected numbers were calculated on the basis that the delay between exposure by the receding tide and emergence was the same for all crabs, i.e., the mean delay of emergence after exposure for all crabs recorded (N 5 792) was 2.78 h.
Crab-Plover Interactions
The behaviour of plovers was investigated in an area of shore 1 km wide (horizontally) extending from the base of the sand dunes to low water. Records were kept of the numbers of foraging plovers on this area of shore for 4 h before until 4 h after high water in order to assess the extent to which foraging crabs are vulnerable to attack at different times during the low water period. This was done on three occasions on which high tide was at 10 : 18, 12 : 43 and 14 : 13 respectively. Records were kept by walking through the area at 30-minute intervals and counting the numbers of foraging plovers. Care was taken to walk well away from plovers so that the observers did not disturb them.
Foraging tactics in plovers and their success in capturing crabs were recorded by observing focal animals during periods when the crab zone was exposed on six days. Observations using binoculars were made of focal animals continuously for periods of up to 10 min. Records were kept of the numbers of crabs captured and eaten during each recording session.
Detailed observations of the interactions between foraging crabs and plovers were impractical. However, it was clear that crabs were highly sensitive to any kind of disturbance. Pairs of observers investigated their responses to an approaching human. There were two hypotheses. First, crabs would react to a disturbance by running back to the burrow and entering it. One observer approached each focal crab walking at a steady pace, while the other used binoculars to observe the crab's behavior. Records were kept of the success of 100 individual crabs in locating the burrow entrance successfully in making the escape response to these approaches. The second hypothesis was that crabs remained within the safety of their burrows for longer than observed waiting times that plovers EVANS ET AL.: FORAGING IN SCOPIMERA spent adjacent to burrow entrances. Records were therefore kept of the times before these crab re-emerged at the burrow entrance and the times before it left the burrow and re-commenced foraging. Records were also kept of the waiting times of plovers (N 5 10) at burrows following unsuccessful attacks on foraging crabs.
Means are presented throughout this paper 6 their standard errors. Statistical tests used are indicated at appropriate places in the text.
RESULTS

Crab Foraging Behaviour
Individual crabs S. inflata emerge from their burrows during periods of low water and then forage in the adjacent area. Foraging activity was always confined to the area adjacent to the burrow. Wandering or droving behaviour, as described by Gherhardi et al. (2002) , was never observed.
Three activities were recorded in foraging S. inflata from the photographic records. Typically they occurred in the following sequence (Fig. 2): 1. Crabs ''opened'' their burrows approximately 3 h after exposure by the receding tide. The first act was often to excavate the burrow, scattering characteristic ovalshaped pellets of sand in the area adjacent to the burrow entrance. This behaviour was frequent for 2 h after recordings started. Thereafter, burrowing of this kind activity was unusual. 2. Crabs made series of foraging excursions from the burrow, removing surface sediment from a shallow trench and leaving a line of round ''food balls'' along one side of the foraging path. The trench then left a clear track, the ''escape route'', which was lined by food balls on one side but unimpeded by obstructions, directly back to the burrow. Each path tended to be unidirectional. The mean distance of forages was 12.96 6 0.34 cm (N 5 48) from the burrow entrance. Foraging was a dominant activity for 2-2.5 h after the first ''appearance'' of the burrow (but time available to forage was limited in these recordings by the onset of dusk; see Methods). 3. As the last act in the foraging sequence, crabs carried out further excavating activity but this time closed the burrow entrance with a mound of oval pellets.
Not all of the photographed crabs performed each of these acts. For example, one crab closed its burrow as the first and only act during the sequence. Another failed to close the burrow at the end of the sequence.
Directions of first foraging tracks from the photographs were evidently at random in relation to the shore (Table 1) . Second forages then tended to be immediately adjacent to the line of food balls left on the first forage. Subsequent forages tended to repeat this procedure, with successive tracks of individuals being adjacent to previous ones as the crab either moved clockwise or anticlockwise around the foraging circle (Table 1) . Successive forages were always in a clockwise direction in four crabs, and they were always in an anti-clockwise direction in five crabs. ''Runs'' of successive forages in the same direction were significantly different from chance in four individuals (Table 1) .
The mean area foraged by 27 crabs measured in the field was 63.6 6 8.9 cm 2 . The mean distance that these crabs would have needed to travel from the burrow in order to completely forage a circle of this area, the optimum foraging circle (see Methods), was 4.16 6 0.34 cm. However, most crabs failed to complete a full circle in the time available to forage. The actual mean distance travelled from the burrow entrances by these crabs was 10.62 6 0.91 cm, more than twice the predicted value. This difference is significant (P , 0.001; Wilcoxon Matched Pairs Signed Ranks Test). There was evidently little interference between neighbouring crabs while they were foraging. This is because burrows tended to be spaced evenly. It was evident from nearest neighbour analysis (Clark and Evans 1954) that R values were . 1 (indicating even spacing) in 9 out of 10 analyses; this proportion is significantly different from chance (P 5 0.01; Sign Test). The mean R value was 1.17 Fig. 2 . Recordings of three activities (excavating the burrow, foraging and closing the burrow) in 12 crabs that were photographed at 15 min intervals in the field. The results of one crab that opened the burrow entrance but did not show any further behavioural activity are not included in this analysis. Some crabs excavated their burrows and foraged during the same recording session.
6 0.07. In addition, three of the individual R . 1 values are significant (Clark and Evans 1954) . Mean density of crabs in the sample areas was 4.00 6 0.41 crabs per m 2 , and the mean nearest neighbour distance was 29.83 6 2.1 cm, approximately three times the mean distances travelled on foraging excursions (above).
Individual crabs did not forage for the total time that was available to them at low water. There was a delay, typically of between 2 h and 4 h, between the exposure of the surface sand by the receding tide and the emergence of crabs. However, crabs high up the shore normally took longer to emerge after exposure than those at lower levels down it. This effect was a progressive one with crabs at successively lower levels tending to emerge sooner after exposure than those at levels above them. Mean times ranged from 4.20 6 1.30 h in the uppermost station to 2.00 6 0.07 h at the lowest station. The Spearman Rank Coefficient of Correlation (r s ) between position on the shore and mean delay before emergence, 0.9881, is significant (P , 0.01).
A consequence of longer time delays in emergence in crabs high up the shore meant that the large numbers of crabs emerged from their burrows over relatively short periods of time. The numbers emerging between 3.5 and 4.5 h after exposure of the top of the crab zone by the receding tide were greater than those expected by chance (Fig. 3) . Conversely, fewer crabs emerged than would have been expected emerged less than 3 h or more than 5 h after exposure of the crab zone. Differences in the actual numbers emerging at different times after exposure are significantly different from those expected by chance (D 5 0.1086; N 5 792; P , 0.001; Kolmogorov-Smirnov Two-Sample Test).
Plover-Crab Interactions
Red-capped plovers preyed intensively on the population of S. inflata on Cable Beach. There were usually at least some of them foraging within the crab zone throughout periods of daylight and low water (Fig. 4) . Numbers tended to peak about 3.5 h before and again about 3 h after, high tide. There were relatively small numbers of foraging plovers during the period of high water, when the crab zone was submerged and their prey was not therefore available. Plovers that did forage at this time searched for items along the strand line.
Individual plovers walked relatively slowly in the crab zone while they were foraging and then suddenly ran rapidly, presumably pursuing a particular crab. Success rates of plovers in capturing crabs were high. The mean capture rate was 0.35 6 0.02 crabs per min (N 5 26; mean duration of recordings was 8.25 6 0.22 min). Occasionally, they checked burrow entrances, waiting at them, evidently for the inhabitant to re-emerge. The mean duration of timed waits by 10 plovers was 10.3 6 1.2 s.
Foraging crabs responded to the approach of a plover or any other disturbance by running directly towards the burrow along the ''escape route'' (i.e., the foraging track leading back to the burrow entrance). In 95 out of 100 tests to the approach of a human observer, the crabs successfully located the burrow entrance and ''disappeared'' down it. Crabs tended to ''re-appear'' at the burrow entrance relatively soon after the disturbance; the mean time was 53.3 6 5.39 s. However, they tended to wait at the burrow entrance for several seconds so that the mean time from entering the burrow to re-commencing foraging was 63.1 6 6.03 s. 
* Indicates that runs of successive forages in the same direction were significantly different from chance (P , 0.05; Sign Test). Fig. 3 . Numbers of crabs first emerging to forage at different times after the exposure of the top of the crab zone by the receding tide. Open circles: actual numbers recorded; closed circles expected numbers (see Methods). Fig. 4 . Mean numbers of plovers foraging on the shore (6 standard errors) for four hours before, and four hours after, high tide.
DISCUSSION
The stereotyped foraging behaviour of S. inflata almost certainly increases the efficiency of the feeding process.
Exploitation of the area surrounding the burrow is by a series of foraging excursions that are normally adjacent to the line of food balls from the previous forage (ZimmerFaust, 1987) and occur progressively in either a clockwise or an anti-clockwise direction. Location of the burrow entrance by the foraging crab is evidently normally achieved by orientation to the line of food balls left on the previous forage and/or the escape route trough caused by removal of sediment from the foraging track (ZimmerFaust, 1987) . This foraging strategy ensures, not only that crabs forage on ''virgin'' sediment on each excursion, but also that the trough remains as an unimpeded escape route if a predator threatens the foraging crab. Even spacing of crab burrows on the shore is presumably important because it reduces the chances that the ''home'' areas of neighbours will overlap and thereby minimizes the foraging time that is lost through agonistic interactions (Takahashi et al., 2001) . However, crabs behaved as sub-optimal central place foragers in the sense that they did not normally complete the optimal foraging circle in the way predicted by Covich's (1976) model. They actually foraged at roughly twice the distance from the burrow than is necessary, evidently increasing their vulnerability to attack by predators. The explanation may be that the duration of individual forages, and therefore the length of the foraging track, is determined by the amount of water that is held in the gill chamber, and not by anti-predator considerations. Crabs may continue to forage until water in the gill chamber has been exhausted, rather than waste energy and feeding time by returning to the burrow earlier than is physiologically necessary.
Individual crabs also failed to use all of the time available to them during a period of low water to forage, despite the poor nutrient quality of surface sediment and the consequent need to forage for long periods. There were relatively long delays (in the order of 2 to 4 h) from exposure of the surface sand by the receding tide until the emergence of the crab to forage. Burrow reconstruction normally occurs before foraging commences and a possible explanation for the delay in foraging is that burrowing activities depend on the physical state of the sediment. In at least the related crab S. globosa, negative pore water pressure in sediment has profound effects on burrowing success (Sassa and Watabe, 2008) . Scopimera inflata may not be able to re-construct its burrow until the sediment has partly dried out and the drying process may occur at different rates at different tidal levels. The level of the water table may also be an important determinant of foraging. Zimmer-Faust (1987) suggested that crabs depend on reaching it when they return to their burrows between foraging excursions in order to replenish the water supply that is held in the gill chambers. Delayed emergence may also convey an additional anti-predator advantage to crabs living high up the shore through safety in numbers. It tends to synchronise the emergence of crabs at different tidal levels because individuals inhabiting the upper parts of the zone do not start to forage until crabs lower down the shore are emerging from their burrows to feed. Ens et al., (1993) suggest that fiddler crabs Uca tangeri (Eydoux, 1835) may benefit from forming wandering aggregations because the numbers in them tend to ''swamp predators.'' The sudden appearance of large numbers of S. inflata on the shore may have a similar effect on Red-capped plovers.
Habitat use can be affected by two major factors: foraging profitability and the risk of predation (McIvor and Odum, 1988) . A trade-off between food abundance and predation risk can result in use of a habitat that, although safer, provides a poorer food return. The balance evidently changes in different life stages in the fiddler crab U. tangeri. Ens et al. (1993) found that large U. tangeri adopt the tactic of wandering when they forage and benefit from it because they can exploit feeding areas at low water that are richer than those adjacent to their burrows. The feeding advantages out-weigh higher predation risks that result from the crabs abandoning their burrows. However, this is not so in small U. tangeri. In their case, predation risks probably outweigh feeding advantages because they tend to restrict foraging activities to areas adjacent to their burrows. Gherardi et al. (2002) suggest a similar explanation for decisions on whether or not to wander, and thereby exploit rich feeding areas, in D. fenestra. Wandering was never observed in S. inflata but predation by plovers on Cable Beach is so high that, even if wandering behaviour is part of the repertoire of this species, it would probably always be maladaptive to abandon the burrow in order to forage at low-water.
The waiting times that individual S. inflata remain in their burrows after escaping back into them may also be related to conflicting needs to forage on the surface and yet to escape predation from plovers. Reaney (2007) pointed out that the time spent waiting in the safety of the burrow is also a loss of foraging time and that waiting times should therefore reflect fitness benefits. This appears to be the case. Waiting times are normally short. Jennions et al. (2003) found that 95% of Uca spp. emerged within 138 s of retreating into their burrows, and Hugie (2004) showed that the average waiting time of Uca princeps (Smith, 1870) was 56.6-97.8 s. Nevertheless, these waiting times are probably long enough to escape predation on most occasions. Black-bellied plovers Pluvialis squatarola (Linnaeus, 1758) waited at crab burrows into which crabs had ''disappeared'' for only about 7 s (Hugie, 2004) and waiting times for Red-capped plovers on Cable Beach were about 10 s. There are also obvious benefits if the prey can monitor the position of the predator (Cooper, 2008) and, although S. inflata tended to re-appear at the burrow entrance less than 1 min after an escape response, the crab remained there for about a further 10 s giving it an opportunity to assess the situation from a position of relative safety before starting to forage again.
the University of Western Australia and Newcastle University for their assistance in the field. We would also like to acknowledge extremely constructive comments from two anonymous reviewers.
